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Abstract	
Copper	 readily	 forms	 three	 oxides,	 CuO,	 Cu4O3	 and	 Cu2O,	widely	 recognised	 as	 the	most	
promising	 p-type	 oxides	 because	 of	 their	 desirable	 optical	 and	 electrical	 properties	 and	
potential	use	in	solar	cells,	transparent	electronics	as	well	as	other	specialised	applications	
such	as	electrodes	for	rechargeable	 lithium	batteries,	catalysis	and	memristors.	 	For	 large-
scale	 implementation	of	devices,	magnetron	sputtering	 is	a	practical	method	of	producing	
metal	oxides;	however,	 sputtered	 copper	oxides	 tend	 to	 form	as	 a	mixture	of	 the	oxides,	
with	Cu2O	being	particularly	difficult	to	produce	reliably	in	pure	form.		Here,	nanostructured	
thin	 films	of	 copper	oxides	were	prepared	by	a	variation	on	 reactive	 sputtering	known	as	
microwave-activated	 reactive	 sputtering	 under	 various	 rates	 of	 oxygen	 flow.	 	Microwave-
activated	 reactive	 sputtering	 was	 shown	 to	 be	 a	 suitable	 technique	 for	 the	 inexpensive	
production	of	 large	areas	of	copper	oxide	thin	films	at	near	room	temperature,	facilitating	
deposition	 on	 a	 wide	 variety	 of	 substrates	 including	 polymers.	 	 Furthermore,	 it	 was	
demonstrated	 that	 the	 sputtered	 films	 develop	 through	 CuO,	 Cu4O3	 and	 Cu2O	 mixed	
phases	 as	 oxygen	 flow	 rate	 is	 increased.	 	 The	 preparation	 of	 a	 given	 stoichiometry	 for	 a	











electronics	 because	 copper	 is	 an	 inexpensive	 and	 abundant	 metal,	 and	 the	 oxides	 are	
natural	p-type	semiconductors	with	a	direct	band	gap	[4,	5,	6].		Both	oxides	may	be	useful	
for	 solar	 cells,	 although	 CuO	 has	 higher	 absorbance	 over	 a	wider	wavelength	 range	 than	
Cu2O.	 On	 the	 other	 hand,	 for	 transparent	 electronics	 Cu2O	 has	 the	 advantage	 of	 greater	








forms	 of	 the	 oxides.	 	 This	 was	 demonstrated	 by	 Drobny	 &	 Pulfrey	 [10],	 who	 found	 that	







Ogwu,	 et	 al.	 [16],	 found	 that	 the	 sheet	 resistance	of	 copper	 oxide	 thin	 films	prepared	by	
reactive	magnetron	 sputtering	 increased	with	 increased	 O2	 flow	 rates	 during	 production.		
Therefore,	 it	can	be	assumed	that	the	presence	of	the	more	oxygen	rich	phases	of	copper	
oxide	 result	 in	 greater	 resistivity.	 	 Another	 very	 promising	 application	 area,	 for	 Cu2O	 thin	
films,	is	in	memristors	[17],	the	fourth	passive	circuit	element	(after	resistors,	capacitors	and	
inductors)	[18].	
For	 the	 case	 of	 solar	 cells,	 it	 is	 usual	 to	 combine	 copper	 oxides	 with	 an	 n-type	
semiconductor	 film	 such	 as	 ZnO	 to	 fabricate	 p-n	 heterojunctions	 [19,	 20].	 	 Solar	 cells	
produced	 from	 copper	 oxide	 thin	 film	have	 a	 theoretical	 efficiency	 of	 approximately	 20%	
[21,	22];	however,	the	best	achieved	efficiency	so	far	is	6%	[23].	
There	are	numerous	methods	to	produce	copper	oxide	thin	films,	such	as	thermal	oxidation	














but	 are	 particularly	 difficult	 to	 grow	 as	 a	 pure	 phase,	 free	 of	 contamination	 from	 other	
phases.	 	While	 oxygen	 flow	 rate	 is	 the	most	 important	 parameter,	 it	 appears	 that	 other	
process	parameters	also	need	careful	 control.	 	 This	 suggests	 that	 commercial	applications	
requiring	 pure	 phases	 to	 be	 deposited	 reproducibly	 on	 large	 areas	 may	 be	 difficult	 to	
achieve,	 especially	when	 cost	 and	 substrate	 factors	 require	 room	 temperature	deposition	
without	further	processing	steps	such	as	annealing.	
This	 paper	 focuses	 on	 a	 scalable	 deposition	 method	 with	 proven	 commercial	 success,	
although	 not	 yet	 in	 widespread	 use,	 known	 as	 microwave-activated	 reactive	 sputtering	
(MARS).	 	 This	 method	 uses	 a	 pulsed	 DC	 power	 supply	 for	 sputtering	 plus	 a	 separate	
microwave	source	in	a	rotating	drum	configuration	to	achieve	large	area,	room	temperature	
deposition	 of	 a	wide	 variety	 of	metal	 oxides,	 nitrides	 and	 oxynitrides	 [30,	 31].	 	 Excellent	
control	of	deposition	parameters	allows	deposition	of	high	performance	optical	filters	[32],	
including	 rugate-type	 filters,	 which	 require	 thick	 films	 to	 be	 grown	 with	 continuously	
variable	 refractive	 index	 [33,	 34].	 	 Other	 advantages	 of	 this	 type	 of	 sputtering	 are	 that	
materials	with	 very	 high	melting	 points	 can	 be	 sputtered	 easily	 [35],	whereas	 techniques	
such	 as	 evaporation	 can	 be	 difficult	 or	 impossible.	 	 Sputtered	 films	 usually	 have	 better	
substrate	 adhesion	 than	 evaporated	 films.	 	 Sputtering	 can	 also	 be	 undertaken	 at	 low	
temperatures	in	order	to	avoid	damage	to	the	substrate	or	other	layers.		Given	that	a	target	
can	be	composed	of	a	 large	amount	of	material	and	 is	maintenance	free,	the	technique	 is	
well-suited	for	ultrahigh	vacuum	applications.	









purity	 copper	 target	 (>99.99%),	 10kW	 DC	 power	 supply	 (Advanced	 Energy	 MDX	 10	 with	
Spark-le	 V	 arc	 controller)	 and	 a	 3kW	 plasma	 source	 was	 used.	 	 This	 is	 a	 turbo-pumped	
system	 with	 an	 added	 Polycold	 330	 water	 trap	 and	 is	 capable	 of	 reaching	 an	 operating	
pressure	 of	 ~10-6	 torr	 in	 15	 minutes.	 	 The	 rotating	 drum	 in	 this	 model	 rotates	 about	 a	
horizontal	axis	at	60	revs/min	and	is	capable	of	holding	over	3600	cm2	of	substrates.		Mass	
flow	controllers	were	used	to	control	the	flow	rates	of	the	gases,	argon,	and	oxygen.		Argon	
is	 admitted	 at	 the	 target	 position	 and	 oxygen	 at	 the	 microwave	 position.	 The	 separate	
microwave	source	offers	 several	advantages	 in	 this	 system.	 	 Substrates	passing	 the	 target	
receive	a	coating	of	a	few	nanometres	of	predominantly	metal,	which	is	then	oxidized	in	the	
region	 of	 the	 microwave	 plasma,	 which	 is	 rich	 in	 atomic	 oxygen.	 	 The	 separation	 of	
deposition	 and	 oxidation	 greatly	 reduces	 the	 potential	 for	 poisoning	 of	 the	 target	 and	
arcing.		The	atomic	oxygen	is	around	10	times	more	reactive	than	molecular	oxygen	and	so	
uses	 lower	 oxygen	 flow	 rates,	 in	 addition	 the	microwave	 plasma	 acts	 as	 a	 virtual	 anode,	
reducing	the	disappearing	anode	effect.	
Here	we	use	30mm	by	12mm	by	1mm	thick	glass	 substrates	 (standard	microscope	 slides)	
and	20mm	diameter	by	2mm	thickness	circular	silica	substrates	cleaned	using	an	ultrasonic	
system	 (Optimal	 UCS40).	 	 Several	 experiments	 were	 undertaken	 where	 thin	 films	 were	
deposited	 on	 the	 substrates	 under	 conditions	 where	 the	 oxygen	 flow	 was	 varied	 from	
10sccm	to	28sccm.		In	all	cases	reported	here,	the	argon	flow	rate	was	constant	at	150	sccm.		
It	 can	 be	 noted	 that	 because	 of	 the	microwave	 plasma,	 for	 reasons	 outlined	 above,	 the	





Samples	 were	 imaged	 at	 various	 magnifications	 using	 a	 Hitachi	 S4100	 field	 emission	
scanning	 electron	 microscope	 (SEM).	 	 This	 system	 has	 magnification	 of	 40,000	 times,	 a	
resolution	 of	 1.5	 nm,	 and	 acceleration	 voltage	 for	 primary	 electrons	 of	 up	 to	 30kV.	 	 The	
crystalline	 structure	 of	 the	 thin	 films	 was	 determined	 by	 X-ray	 diffractometry	 (XRD)	
(Siemens	 D5000)	 with	 CuK	 α	 radiation	 (40	 kV,	 30	 mA).	 	 The	 diffraction	 angle	 was	 set	
between	30°	and	50°	with	1	scan	(count)	per	second	at	0.2	increments.		
X-ray	photoelectron	spectroscopy	(XPS)	was	performed	on	an	AXIS	Nova	(Kratos	Analytical,	
Manchester,	 UK),	 utilising	 a	 monochromatic	 AlKα	 source	 (1486.6	eV)	 operated	 at	 225	W	
(15	kV,	15	mA),	and	maintaining	a	base	pressure	of	better	than	1×10-9	mbar.	Analysis	area	
was	defined	by	the	spectrometer	and	chosen	to	be	400×700	μm2	for	all	analyses.	Survey	and	
high	 resolution	 spectra	 were	 collected	 at	 pass	 energy	 of	 160	eV	 and	 20	eV	 respectively.	
Charge	 neutralisation	 was	 used	 throughout	 the	 analysis.	 Three	 points	 were	 analysed	 on	
each	sample	surface.	
The	transmission	and	reflection	spectra	of	the	thin	films,	deposited	on	the	silica	substrates,	
were	 measured	 using	 an	 Aquila	 Instruments'	 nkd-8000	 spectrometer	 with	 Pro-Optix	
software.		Samples	were	all	examined	in	S-polarized	light	at	10°	angle	of	incidence,	both	in	
transmission	and	reflection	over	the	400-1100nm	wavelength	range.	
Data	 from	 each	 sample	 was	 analysed	 by	 the	W	 Theiss	 SCOUT	 programme	 using	 the	 OJL	
model,	 named	 after	 O’Leary,	 Johnson,	 and	 Lim	 [36].	 	 The	 material	 composition	 and	
transmittance	and	reflectance	spectra	were	inputted	and	the	programme	simulated	similar	




Raman	 scattering	 measurements	 were	 taken	 using	 a	 Thermo	 Scientific	 DXR	 Raman	

























As	 noted	 by	 Blobaum,	 et	 at	 [11],	 sputtering	 of	 copper	 in	 a	 room	 temperature	 oxygen	
environment	produces	Cu4O3	at	a	similar	XRD	2θ	angle	to	CuO	(111)	sputtered	in	a	heated	
oxygen	 environment.	 	 Therefore,	 given	 the	 low	 temperature	 nature	 of	 MARS,	 it	 is	
considered	 likely	 that	 the	 copper	 oxide	 phase	 present	 at	 ~38°	 is	 Cu4O3	 and	 not	 CuO.		
Subsequent	Raman	analysis	confirm	this.	
Consequently,	 it	 can	 be	 seen	 that	 under	 the	 various	 oxygen	 flows,	 the	 composition	 and	
orientation	of	the	crystalline	structure	of	the	thin	layers	varies.		Also,	from	the	shape	of	the	




present.	 	 However,	 under	 oxygen	 flow	 rates	 of	 17sccm	 or	 greater,	 CuO	 is	 the	 dominant	





X-ray	 Photoelectron	 Spectroscopy	 (XPS)	 was	 performed	 to	 identify	 the	 chemical	
composition	 of	 the	 copper	 surfaces.	 	 Survey	 spectra	 for	 the	 10sccm	 and	 17sccm	 samples	
given	in	Figure	3a.		The	only	elements	detected	at	the	surface	were	Cu,	O	and	C,	where	the	
carbon	was	assumed	to	be	adventitious	contamination.		The	energy	scale	was	calibrated	by	




percentages	do	not	 support	 the	presence	of	 the	 three	oxides	of	 copper	 (Cu2O,	Cu4O3	and	
CuO)	observed	by	XRD	earlier	since	the	ratio	of	Cu	to	O	(Cu:O)	is	around	1:1	for	all	samples.		
However	XPS	is	expected	to	be	far	more	surface	sensitive	than	XRD,	with	most	of	the	signal	
(95%)	 coming	 from	<8nm	depth	 from	 the	 surface.	 	 Thus	 analysis	 simply	 based	on	 atomic	




Reference	 Cu	 2p	 and	 Cu	 LMM	 spectra	 of	 three	 copper	 materials;	 Cu	 metal,	 Cu2O	 (Cu1+	
reference)	 and	CuO	 (Cu2+	 reference)	were	obtained	 from	 the	Open	Access	 XPS	Reference	
Database	 XPSSurfA	 (Barlow,	 et	 al.,	 2017)	 and	 are	 reproduced	 in	 Figure	 3b.	 	 The	 three	
materials	can	be	distinguished	from	one	another	when	both	the	Cu	2p	and	Cu	LMM	regions	
are	analysed	 together.	 	Cu	2p	 for	Cu	metal	 shows	a	 sharp	2p3/2	peak	at	932.4eV,	with	no	
satellite	features.		The	Cu1+	oxide	(Cu2O)	has	a	similar	2p3/2	position	but	also	shows	a	weak	
satellite	feature	around	946eV.		The	Cu2+	oxide	(CuO)	has	a	shifted	peak	position	of	933.6eV	










Investigation	 of	 the	 Cu	LMM	 feature	 (see	 Figure	 3d)	 for	 these	 samples	 shows	 an	 intense	
peak	at	916.7eV	for	10sccm	and	917.4eV	for	17sccm,	indicative	of	a	greater	amount	of	Cu1+	
















area	 of	 the	 fitted	 components,	 along	with	 the	 position	 of	 the	 Cu	LMM	 peak,	 as	 given	 in	
Figure	 3e	 and	 f.	 	 It	 was	 observed	 that	 at	 a	 flow	 rate	 of	 12-15sccm	 a	 shift	 occurs	 in	 the	
dominant	 oxidation	 state	 detected	 by	 XPS,	 with	 a	 sharp	 rise	 in	 ratio	 of	 Cu2+	 occurring	
beyond	this	value.	 	This	 is	observed	 in	both	the	ratio	of	the	fitted	components	(Figure	3e)	














the	 extinction	 factor	 increases,	 but	 are	 still	 easily	 observed	 in	 the	 reflectance	 spectrum.		
Given	 the	 high	 reflectance,	 absorptance,	 𝐴,	 is	 calculated	 using	 both	 measured	
transmittance,	𝑇,	and	reflectance,	𝑅,	from	Eq	1.	
𝐴 = 1 − 𝑇 − 𝑅	 𝐴 = absorptance	𝑇 = transmittance	𝑅 = reflectance	
Eq	1	


























Concentrating	 on	 absorptance	 values	 in	 Figure	 4	 and	 Figure	 5,	 it	 can	 be	 seen	 that	 the	
10sccm	sample	has	the	highest	absorptance,	over	the	entire	range	of	wavelengths	from	400	
to	 1,100nm.	 	 However,	 this	 is	 consistent	with	 an	 under-oxidised	 sample	 containing	 some	
metallic	 Cu	 and	 also,	 as	 shown	 in	 the	 XRD,	 XPS,	 and	 Raman	 results,	 some	 Cu2O.	 	 The	
presence	 of	 metallic	 Cu	 would	 render	 any	 such	 thin	 film	 not	 useful	 for	 semi-conductor	
applications,	such	as	a	solar	cell;	however,	no	other	characterisation	technique	indicated	the	
presence	of	metallic	Cu.		From	11	to	13sccm,	the	films	have	high	absorptance	(>	0.2)	only	in	
the	range	400	to	700nm	and	 from	15	to	28sccm	there	 is	considerable	absorptance	out	 to	
1,100nm.		It	is	known	from	the	literature	[41]	that	the	extinction	coefficient	of	Cu2O	is	lower	





optical	 absorptance,	 it	 is	 nevertheless	 usual	 to	 determine	 the	 so-called	 optical	 band	 gap	
from	measurements	of	transmittance.	




to	 increase	with	 diminishing	 grain	 size.	 	 In,	 for	 example,	 solar	 cell	 applications,	 the	most	




the	 OJL	model	 using	 the	 commercially	 available	 SCOUT	 package	 from	W	 Theiss	 Software	

















The	optical	band	gap	values	derived	by	 the	OJL	model	 for	each	 sample	are	 in	accordance	
with	the	optical	band	gap	values	for	the	phases	determined	to	be	present	by	XRD,	XPS,	and	
Raman.	 	That	 is,	at	 lower	oxygen	 flows,	 the	presence	of	Cu2O	and	Cu4O3	was	 found	to	be	
dominant.	 	 The	 expected	band	 gap	 values	 for	 these	phases	 is	 2.2-2.9eV	 and	1.34-2.47eV,	
respectively.		At	higher	oxygen	flows,	the	presence	of	CuO	was	found	to	be	dominant.		The	
expected	 band	 gap	 value	 for	 this	 phase	 is	 1.21-2.2eV.	 	 The	 optical	 band	 gap	 values	
determined	 by	 the	 OJL	 model	 appear	 to	 track	 the	 transition	 from	 Cu2O	 to	 CuO	 being	
dominant	as	oxygen	flows	increase.	
Samples	 produced	 with	 an	 oxygen	 flow	 rate	 of	 10sccm	 are	 an	 exception	 to	 this	 trend;	
however,	as	mentioned	previously,	this	sample	contains	some	Cu	metal	and	so	the	spectra	
cannot	be	fitted	by	the	OJL	model.	







for	 oxygen	 flows	 of	 10	 to	 28sccm.	 	 By	 comparison	with	 Table	 5,	which	 notes	 the	 various	
copper	 oxide	 Raman	 Shift	 values,	 it	 can	 be	 seen	 that	 at	 10sccm,	 Cu2O	 is	 the	 only	 phase	
















whereas	Raman	detects	 the	presence	of	Cu4O3.	 	For	24sccm,	XRD	detects	 the	presence	of	
CuO,	whereas	Raman	detects	the	presence	of	a	mixture	Cu4O3	and	CuO.		However,	the	XRD	
and	 Raman	 techniques	 probe	 fundamentally	 different	 physical	 properties.	 	 XRD	 derives	
information	from	crystal	plains	and	is	therefore	sensitive	to	the	crystallinity	of	the	sample,	
whereas	 Raman	 is	 sensitive	 to	 the	 polarizability	 of	 molecular	 bonds,	 which	 can	 identify	








It	 is	 demonstrated	 that	 the	 sputtered	 films	 develop	 through	 CuO,	 Cu4O3	 and	 Cu2O	mixed	
phases	as	oxygen	flow	rate	is	increased	and	can	be	successfully	and	reproducibly	grown	at	
room	 temperature.	 	 A	 pure	 form	of	 Cu2O	 is	 only	 produced	 under	 an	 oxygen	 flow	 rate	 of	
10sccm;	however,	this	may	be	contaminated	by	Cu	metal.	





oxygen)	 is	 critically	 important	 in	 the	 production	 of	 particular	 stoichiometries	 of	 copper	
oxides.	 	 It	 has	 also	 been	 shown	 that	 detailed	 characterisation	 of	 the	 sputtered	 films	 is	
possible	with	the	aid	of	XPS,	XRD,	optical	and	Raman	measurements.	 	The	OJL	model	was	
used	to	determine	the	E	gap	and	optical	properties	and	confirmed	by	the	other	methods.		In	
particular,	given	 that	many	of	 the	earlier	papers	 to	be	 found	 in	 the	 literature	 ignored	 the	
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